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ABSTRACT 


An experimental program was conducted to survey the lee side 
vortex flow field about an ogive-cylinder-frustum-cylinder at 
angles of attack to 25 degrees for two Reynolds numbers at 
Mach number 0.8, and one Reynolds number at Mach number I. 96 . 
The data were obtained using miniature 5-P OI "fc conical pressure 
probes calibrated for angle of attack and roll angle over a 
Mach number range of 0.6 to 3*0. The results are presented 
here as local flow field properties and circulation strengths 
for various body stations. This work was accomplished for 
the Marshall Space Flight Center under contract number NAS8- 
2 
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NOMENCLATURE 

Speed of sound 
Pressure coefficient' 

Reference diameter, maximum model di am eter 
D = 1 in. 

Forebod'y cylinder diameter, D' = .5 in. 

Mach number 
Static pressure 
Total pressure 

Probe orifice pressures, i = 1, 5 

Average probe cone static pressure, (P 2 +P 3 +Pl*+P 5)/4 

Freestream unit Reynolds number 

Freestream Reynolds number based on D' 

Total temperature 
Velocity 

Velocity components in cylindrical coordinate 
system 

Crossflow velocity 

Model cylindrical coordinates, see figure 5 
Model rectangular coordinates, see figure 5 
Angle of attack 
Probe pressure variable, Pi/Pt 
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Non-dimensional circulation strength 
Probe roll angle in calibration test 
Probe pressure variable, tan -1 [(P4-P2)/(P3»P5)] 
Probe pressure variable, V^Pi^P (P 3-P5P/P1 
Model roll angle, flow survey test 
Non-dimensional vorticity 


Subscripts 

Denotes conditions at body surface 
Denotes free stream conditions 
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SUMMARY 


An experimental program was conducted in the Marshall 
Space Flight Center l4-in. Trisonic Wind Tunnel to survey the 
lee side vortex flow field about an ogive-cylinder-frustum- 
cylinder at angles of attack to 25° for two Reynolds numbers 
at Mach number 0.8 apd one Reynolds number at Mach number 1 . 96 . 
The data were obtained using miniature 5-P°rt conical pressure 
probes calibrated for angle of attack and roll angle at Mach 
numbers from 0.6 to 3«0. The results are presented as contour 
plots of local flow properties including local vorticity, 
crossflow velocity vector plots and the total circulation 
strength and vortex center location. 
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INTBODUCTIOIf 


The evaluation of the non-linear lift induced by crossflow separation about 
a body of revolution at moderate angles of attack has been a subject of. 
theoretical and experimental studies for many years and has resulted in a 
number of approaches to the problem. These approaches may generally be 
classified as either empiric using estimates of the "non-l inea r" lift or 
normal force based on an empirically derived crossflow drag coefficient, 
or as theoretical using a potential model of the flow field which accounts 
for the presence of a pair of lee-side vortices generated by the crossflow 
separation. None of the existing approaches, however, yield adequate pre- 
dictions of the non-linear lift for the range of potential body shapes and 
free stream conditions largely due to the lack of sufficient experimental 
data to systematically evaluate the effects of Mach number, Reynolds num- 
ber and body geometry from which the deficiencies of the empiric and theo- 
retical approaches could be evaluated. 

The Marshall Space Flight Center (MSFC) has undertaken an experimental pro- 
gram to expand the data base far the evaluation of the effects of crossflow 
separation and the adequacy of the empiric and theoretical approaches to 
the problem. The program consists of an integrated study in which total 
forces, local surface pressures and flow field measurements, as well as 
surface and flow field visualization data, are obtained for a wide range 
of Mach numbers, Reynolds numbers and several body geometries. 

Chrysler Corporation, Space Division has participated in this program in 
obtaining the surface pressure data, correlating surface pressure data and 
force data, and in obtaining flow field measurements. The results of the 
surface pressure test program is reported in Reference 1 and the correla- 
tion of surface pressures and force data is reported in Reference 2. This 
report presents the results of the flow field measurements on the lee- side 
of an ogive-cylinder-frustum-cylinder at M co = 0.8 and 1 .96 as obtained in 
the MSFC 14 in. Trisonic Wind Tunnel. These data show the distribution of 
local flow field properties, including vorticity, on the lee- side of the 
body at angle of attack and the total circulation strength of the vortex 
system at several axial stations along the body. The primary purpose of 
the test was to determine the effect of abrupt changes in body cross-section 
on the location and strength of the lee- side vortex systems for two Reynolds 
numbers at M^p 0.8 and for one Reynolds number at Mco= 1 . 96 . O nl y one Rey- 
nolds number condition was tested at M c0 = I .96 as the surface pressure and 
force data showed small effects of Reynolds number at this Mach number. 
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MODELS, IHSTHUMENTAT ION , FACILITY 


The body configuration utilized in this test program consisted of an ogive- 
cylinder-frustum- cylinder (O/c/f/c) as shown in Figure 1. The configuration 
was selected in order to evaluate the effect of an abrupt change in cross- 
section, as represented by the 25 ° frustum, on the forebody wake-vortex sys- 
tem. The forebody is an ogive-cylinder with a 3 caliber (based on forebody 
cylinder diameter) ogive nose. This forebody is the same as that tested 
by previous investigators (e.g. References 3> and provides for a source 
of comparative data on the vortex position and strength generated by the 
forebody. 

The model is constructed in three sections; the nose section, the frustum 
plus a portion of the aft cylinder, and the remaining aft cylinder (in 
which the rake is mounted) and sting. The nose section screws onto any of 
five frustum sections with differing aft cylinder lengths and this assembly 
is then slipped into the aft section and secured with set screws. During 
testing the rake remains at a fixed tunnel axial station and the model sur- 
vey station is varied by using the different frustum sections as illustrated 
in Figure 1. 

The rake consists of two probes mounted in individual struts attached to 
the aft body. The probes are miniature 5 - P or i conical type with a 25° cone 
angle and a blunted nose. This configuration was selected based on probe 
development tests reported in Reference 5 . The probes were constructed 
by assembling five lengths of hypodermic tubing within a sleeve, with the 
inner tube spacing maintained by wire inserts between the tubes. The 
assembly was then soldered at the head, and machined down to the desired 
cone angle and the tip radiused. Due to the very small size of the probes, 
it was difficult to maintain tolerances and a number of probes were manu- 
factured and the best ones selected. 

The inner tubes thus formed the five orifices on the probe head, one pitot 
and four cone static orifices. The orifice tubes, .007" I.D. X 2" length, 
were connected to 6 ft. lengths of .032" O.D. X .020" I.D. extensions. The 
probe was then mounted in a .125 in. dia. holder with the bottom of the 
probe flush with the^ bottom of the probe holder such that the probe center- 
line is .030 in. below the probe holder centerline. Details of the probes 
are illustrated in Figures 1 and 2. 

The struts which support the probes fit into slots in the model aft body. 

One strut is always located on the model top centerline and the other strut 
at a roll position of 270°(.Figure l) except for the most inboard locations. 
For the most inboard radial locations, one probe is mounted in a strut on' 
the top centerline while the other probe is mounted in a cavity in the frus- 
tum section at a roll position of l8o°(Figure 2). The struts can be trans- 
lated in the radial direction at .125 in. increments. Intermediate probe 
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radial locations can be obtained by inverting the probe in the strut which 
results in a .0 6 in. outboard translation due to the eccentric centerline 
of the probe w.r.t. the probe holder centerline. For calibration, the 
probes are mounted in a dual probe strut with the probes. 3 in. apart. 

The model is supported in the flow survey tests by a 1 6 ° offset sting which 
also houses an automatic roll mechanism developed for this test. The roll 
mechanism can be stepped at 7.5° increments on automatic signals from the 
tunnel control console. For probe calibration, the 16" offset was used 
along with fixed-roll offsets of 6° and 31° • With the fixed-roll offsets, 
roll angle was varied manually by rolling the model sting in the offset 
chuck. 

The probe pressure tubes were connected to 0 to 50 psia. absolute pressure 
transducers mounted outside the tunnel. The pressures were recorded by a 
10 channel digital acquisition system and the output punched on IBM cards. 
Data is then reduced to absolute pressures using an off-line digital compu- 
ter. 

These tests were conducted in the MSFC 14 in. Trisonic Wind Tunnel. De- 
tails of the tunnel operating characteristics may be obtained from Reference 
6. Typical model installations for the calibration and flow survey tests 
are shown in the photographs of figures 3 and 4 respectively. 
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PROBE CALIBRATION TESTS 


The probes were mounted in the calibration strut and aligned in roll using 
a telescope and sighting on the probe orifices in a front view. Probe 
pitch and yaw alignment was also checked and adjusted. The resulting align- 
ments are estimated to be within ±1° in roll and ±.5° in pitch and yaw. 

The calibration strut was mounted alternately in the 6, 1 6 and 31° offsets 
allowing calibration from zero to 39° with a tunnel sector pitch range of 
-10°. With the 1 6° offset incorporating the automatic roll mechanism, a 
run consisted of a roll sweep of l8o° in 7«5° increments at cons tan t angle 
of attack. A second roll sweep was made for roll angles from l8o° to 360° 
and the 360° roll sweep repeated for angles of attack from 6° to 26° at 7§° 
increments. With the 6° and 31° offset, a run consisted of an angle of 
attack sweep at constant roll angle . A limited number of runs were made 
with the 6° offset to check the linearity of the probe characteristics at 
low angles of attack. With the 31° offset, angle of attack sweeps from 
21° to 39 0 were made at roll angles from zero to 90° at 15° increments 
and from 90 to 360° at 30° increments. 

Calibration data was obtained for the above at/i schedule at Mach numbers 
0.6, 0.8, 1.0, 1.2, 1. *»£>•; 1.96 and 2.99* Limited data was also obtained 
at Mach numbers 0.7, 0.9 and 1.1. The transonic calibration data for Mach 
numbers 0.6 through 1.1 was obtained during one tunnel entry (MSFC TWT 
515) and the supersonic calibration data was obtained in another tunnel 
entry (MSFC TWT 536). The results of the probe calibration tests will 
be published as a supplement to this report. 
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FLOW SURVEY TESTS 


The probes -were mounted in the flow survey model and aligned in a manner 
similar to the probe calibration model. Although the nominal probe roll 
alignment and probe radial locations could not always be obtained in the 
various model/strut configurations, the actual probe roll angles and ra- 
dial locations were measured and recorded for use in the data reduction 
and analysis computer program. 

The model sting was instrumented with strain gages from which sting de- 
flection data were obtained. These sting deflections were used to deter- 
mine tunnel sector pitch settings which would yield model angles of attack 
consistent with surface pressure tests of this configuration (Reference 1). 

For model configurations with probe 1 mounted at a roll position of 0° and 
probe 2 at 270°, a run consisted of a roll sweep from zero to 90° in 7.5° 
increments. For configurations with probe 1 mounted at zero and probe* 2 
mounted at 180° roll position, a run consisted of a l8o° roll sweep. This 
results in data being acquired in different lee side quadrants for probes 
1 and 2 as illustrated in the sketches below. 


<*=0 


Probe 

Sweep 



Probe 1 at =0° 
Probe 2 at =270° 


*=0 



Probe 1 at =0° 
Probe 2 at =l80° 


For the purpose of this test, the lee side flow field must therefore be 
assumed symmetrical. This assumption is consistent with obtaining flow 
field data about a body of revolution by the technique of attaching a rake 
to the body and rolling the body about its centerline. Any lee side flow 
field asymmetries which might be present are generally attributed to min- 
ute model irregularities which will cause the asymmetries to change with 
model roll angle. Thus the only way to actually survey an asymmetrical 
flow field would be to use a rake traversing system mounted independent 
of the body which is feasible only in a limited number of the large wind 
tunnels . Any flow field asymmetries were expected to be small for the 
conditions of this test, however, based on results of surface flow visual- 
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ization tests of this configuration and other flow surveys at similar 
conditions (References 3 and 4). 

Flow survey data were obtained in two tunnel entries, MSFC TWT 516 and 535 • 
In the first entry (TWT 5 16) flow surveys were obtained at x/d = 3*5* 4.1, 
4.4, 4.8 and 6.5 at Mach number 0.8 for the high Reynolds number condition 
(Re = 7.9 X 10° ft.” 1 ) and at angles of attack of 9 . 9 , 14.3, 20.1 and 24.6°. 
Analysis of this data indicated that the increments in radial survey loca- 
tions were inadequate at several stations and that the vortex system was 
too close to the body to define the vortex strength and location at angles 
of attack of 9*9 and 14.3° for most stations and for all angles of attack 
at station 4.4. 

In the second entry (TWT 535 )> data was obtained with a greater density 
of r/D locations for Mach 0.8 at two Reynolds numbers (Re = 4.4 and 7.9 

X 10° ft. -1 ) but the survey was restricted to four X/d locations (x/D = 

4.4 was dropped) and the two higher angles of attack. In addition, a full 

survey (five x/d locations and four angles of attack) was obtained at Mach 

number 1.96 and a Reynolds number of 9.8 X 10^ ft. -1 . 

A model roll angle misalignment of 2 . 5 ° 'was inadvertently present in the 
TWT 535 test set up. This misalignment was accounted for in the data re- 
duction as described in the following section. 
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DATA REDUCTION 


The flow survey data was reduced to local flow field properties using a 
computer program developed for this purpose. A preliminary version of 
this program is described in Reference 7 . The program has been modified 
considerably, however, to improve the method of loading probe calibration 
data, to improve interpolation routines, and other modifications required 
to handle particular data . A brief description of the program operation 
is given below. Reference <7 will be revised in the near future to reflect 
the actual program used in processing the data. 

The probe calibration data is read as absolute pressures Pi for each probe 
orifice from wind tunnel data cards, which also contain the calibration 
run conditions M, a, 6 , Pt, Tt. The five orifice pressures are then reduced 
to probe calibration variables as given by 

P = i[(P4 - P 2 ) 2 + (P3 - P5 )2 ’ /Px 


t = tan-1 [(P4 - P 2 )/(P 3 - P 5 )] 
P/Pl = (P2 + P 3 + P4 + P5)/(* Pi) 


0 = Pl/Pt 

where Pi is the pitot pressure and P 2 } 1 4 5 are cone static pressures 
as illustrated in Figure 2. The polar form' of the local angle of attack 
variables, P and e, were chosen because of their nearly linear dependence 
with the independent calibration variables a and i respectively. 


1 


Each of the four dependent calibration variables P, e, P/Pi, and 0 are 
stored for each probe in tables for selected values of the independent 
variables a, 6, and M, i.e. 


p 

€ 1 
P/Pi 


p I 

?/Pi 

0 


0 


(«ii M k) 


The independent values of angle of attack (aj.) selected were 0, 6, 11, 16, 21, 
24, 28, 32, 36 and 39°. Nominal roll angles (8j) varied from 0 to 360° in 
15° increments. For angles of attack above 24°, calibration data in the ro ll 
angle quadrants from 90 to 36cPwas obtained in the calibration tests at 
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30 roll angle increments and the values of the calibration variables for 
the intermediate roll angles were generated by linear interpolation. All 
of the primary calibration test Mach numbers were used, i.e. M k = 0.6, .8 
1.0, 1.2, 1.46, I.96, 2.99* Analysis ofthe data for the intermediate cali- 
bration Mach numbers (% = .7, *9, 1.1) for which only limited calibration 
data was obtained, indicated the desirability of a complete set of data at 
M =.0.9 for improved interpolation accuracy. This data was generated ana- 
lytically (with emperic modifications) by linear extrapolation of the M ; = 

0.6 and 0.8 data to an intermediate Mach number. The intermediate Mach 
number was chosen as .87 for probe 1 and as .88 for probe 2, as best fitting 
the data trends. The complete set of probe calibration tables ^ill be 
published as a supplement to this report. 

The flow survey data is also loaded as orifice pressures for each probe 
from wind tunnel data cards, and reduced to the probe variables P, e and 
P/Pl. For each flow survey data point, the calibration table e(Mi,aj 6k) 
is entered with the measured value of e and used, to reduce the P and P/Pi 
calibration tables to : ' " 


jp/Plj jp/Pij (Mi ' "j) 

i.e. 6 is determined by € for each Mi, cm and the P(Mi, aj, 6 k $ and P/P]_ 

(Mj_j entered at 6 = to eliminate 6 from these tables* 

Next, the P/Pj (Mi, a j ) table is entered at the measured value of p/p i 
which yields the local Mach number M = M(aj). Then the p(Mi, aj) table is 
entered with M = M(aj) yielding P = P(aj), which with the measured P de- 
fines the local angle of attack a. The local Mach number is then deter- 
mined from the M = M(a j ) table (a is known) and 6 is determined from the 
6 = 6(Mi, aj) £ table. With the local flow conditions M, a & 6 known Pi/P+ 
is determined from the Pi/Pt (Mi, aj, 6k) table and the local total press- 
ure is simply 


p t = Pl/(Pl/P t ) 


M. a , 6 


All of the table look-ups referred to above use linear interpolations For 
the supersonic flow survey ^ 1.96), the calibration Mach number. Mi was 
transformed to 1/Mi in the P/P], table, i.e. 

P/Pl = P/Pl [1/Mi, «i, 6i) 


This significantly improves the linearity of p/p x ( Mi ) at supersonic speeds 
and improves the accuracy of the interpolations. 


The local crossflow flow direction 6, determined above, is the flow angle 
measured with respect to a probe reference established in the calibration 
test. As mentioned earlier, it was very difficult to obtain a consistent 
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probe roll alignment in the flow survey struts for the various strut con- 
figurations and the probe was therefore set in the approx ima te roll posi- 
tion and measured by sighting on the orifices with a telescope. Also, 
some runs were made with the probes inverted in order to obtain intermedi- 
ate radial positions. These alignment corrections were made to the flow 
direction angle 5 to obtain the actual local crossflow direction 8y C > 

6 vc = ^ - A5 

where A 6 is the difference in the probe roll alignments between the cali- 
bration and flow survey tests. 

Knowing the local Mach number M and tunnel total temperature T-t, the local 
and free stream speeds of sound are computed as ® 

a = 49.0 J T t /(1 + .2 M 2 ) fps 

! co 

a* = 49.0 ^Tt/(l + .2 ) fps 

The local and free stream velocities are then 
V = M a 

^00 — ^co ^00 

and the local velocity components are 
V x = V cos a 
Vc = V sina 
Vr = Vc cos 0 v q 
V e = V c sin 6 VC 

The probe 2 data was then transposed to the same quadrant as probe 1 assum- 
ing symmetry about the leeward centerline. The model roll misalignment of 
2.5° present in the TWT 535 data results in probe 1 and probe 2 data being 
located at off-nominal meridional positions as indicated in the table 
below . 


Model Roll 


Probe 1 


Probe 2 


nominal 


Angle, 4> 

Meridian, 0 

Meridian, 0 

Meridian 

2.5 

177.5 

182.5 

180 

10.0 

170.0 

175.0 

172.5 

17.5 

162.5 

167.5 

I65.O 

92.5 

87.5 

92.5 

90.0 
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The data for each probe was interpolated to the nominal meridional posi- 
tions using a third order Lagrangian interpolation routine. The two meri- 
dional positions near the leeward centerline were reflected about the cen- 
terline to yield two additional locations for interpolation. The local flow 
properties which were interpolated were the individual velocity components, 
Vx, r d.> the local speed of sound and the local total pressure. The in- 
terpolated values were then used to compute additional local flow proper- 
ties 

a = tan -1 ( V V r 2 + Vq 2 /V x ) 

6 vc = tan” 1 (V e /V r ) 

V = 

M = v/a 

P/Pco = (l + .2 m2)-3-5 (]_ + .2M c 0 2)3.5 (p t /p tco ) 

C p = (P/P M - 1)/.TM2 

The circulation strength r/rnDVo,. = <f V • ds was calculated for each cell 
defined by .4 adjacent flow survey points (interpolated to the nominal meri- 
dional locations) assuming linear velocity distribution between points, and 
the average vorticity for each cell computed as coD/ 4 = (r/irDVoo )/(4 m/ 
ttD 2 ) where AA is the area of the cell. The total circulation strength 
is then computed as the sum of the circulation strengths for all cells in 
the flow survey plane. 

Output of the computer program consists of listings of the local flow 
properties and circulation strengths, vector plots of the local crossflow 
velocities and local angle of attack, and contour plots of the various 
local flow properties. 

The contour plots generate points (r/D, 6) at which a local flow property 
exists at some specified level.- This is accomplished by fitting curves 
(third order Lagrangian) as a function of 0 for each r/D and as a function 
of r/D for each 0, and then using these curve fits to generate a set of the 
local flow properties at an expanded set of r/D, 0. This expanded set is 
then searched using linear interpolation for the set of r/D, 0 at which the 
specified values of the local flow property exist. The sets of r/D, 0 are 
then plotted as points using a different symbol for each contour level. 
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RESULTS 


The results of the flow survey tests are presented as flow field contour 
plots of the local Mach number (M), pressure coefficient (Cp), total press- 
ure ratio (Pt/Ptoo ), and vorticity wdAVqo ), and vector plots of the local 
crossflow velocity (V c /V 00 sin ). Total circulation strength and vortex 
centers are also presented and compared with appropriate available data. 

A complete listing of the computed data is given in the appendix to 
this report. 

The flow field contour plots are shown in figures 6 through 17. These 
contour plots were generated by tracing curves through the computer gene- 
rated contour point plots. All points generated were used except where 
contour levels are too close together to be easily distinguishable or 
where the flow property is varying so slightly that the basic data scatter 
does not produce meaningful contour levels. An example of the latter is 
that zero levels of local vorticity are generally not shown as much of 
the flow field is at or near zero vorticity and an erratic set of points 
is generated by the normal data scatter. 

Vorticity Contours 


The vorticity contour plots are shown in figures 6 through 8 . At Mach 
number 0.8, Re = 4.4 X lCFftA, the vorticity contours clearly show the 
location and strength of the forebody vortex at x/d = 3 . 5 , 4 . 1 , and 4.8 
for both 20.1 and 24.6° angle of attack. The maximum vorticity levels are 
approximately the same at a = 20 . 1 ° and 24.6° but the vorticity is dis- 
tributed over a larger area at a = 24. 6° and represents a greater total 
circular strength. At x/d = 6.5> the forebody vortex is poorly defined 
having "burst" somewhere aft of x/d = 4.8. The beginning of an aftbody’ 
vortex system appears to be present at x/d = 4.8 at 9 ^ 120°. This 
second vortex has begun to "roll-up" and is somewhat better defined at 
X/D = 6 . 5 , but is still too close to the body to be well defined by the 
survey r/D, 6 array. The minimum r/D survey location is approximately 
one probe diameter off the surface ( .06 in) for all survey stations at 
Mach number 0.8 conditions and this data may be affected to seme extent 
by probe/body interference and axial flow separations. 

The negative vorticity levels near the body at x / d =4.8 , 6 = 150° are attri- 
buted to the probe being immersed in a separated axial flow at the most in- 
board radial probe position and these azimuth angles. The existence of • 
this separated flow region is indicated by the local flow properties in 
this region and is discussed in later sections. The negative vorticity 
levels near the body and just above the side meridian at some stations is 
attributed to probe/body interference and/or basic data accuracy. 
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The vorticity distributions for Mach number 0.8, Re = 7.9 X lO^tr 1 ; are 
generally similar to the Re = 4.4 X 10°FT -1 results with maximum vorti- 
city levels somewhat lower and distributed over a smaller area. 

The vorticity distributions for Mach number 1.96, a = 10°, show a dis- 
tinct vortex center present only at the most aft station, x/D =6.5. At 
a = 14.5°, the vortex at X/D =6.5 has increased in strength and the re- 
gions of vorticity at the forward stations have expanded and increased 
in strength. At a = 20.3°, the forebody vortex is well defined at all 
stations except X/D = 4.4 where the most inboard survey is two probe dia- 
meters (.12 in.) from the body surface and it appears that a significant 
quantity of circulation lies inboard of this radius. The forebody vor- 
tex at X/D = 6.5 is not as, well defined at a = 20.3° as it was at a = 14.5° 
and appears to have two centers,- although this could be a result of data 
accuracy at the low vorticity levels in this region. A second region of 
concentrated vorticity is apparent near the body and appears to be the 
beginning of an aft body vortex system. At a - 24.8°, there is a general 
increase in the size of the regions of vorticity with maximum levels 
remaining about the same as at a =20. 3° • 


Total Pressure Contours 

Total pressure contours are presented in figures 9 through 11. Total 
pressure contours are also a good indication of regions of vorticity as 
the vortex feeding sheet, originating at the point of crossflow separa- 
tion on the body, carries with it low energy boundary layer air which 
rolls up with the feeding sheet into the vortex core. 

At Mach number 0.8 , the similarity of the total pressure contours to the 
vofticity contours is very apparent. Minimum total pressures within the 
vortex cores are on the order of 80 to 90$ of freestream total pressure 
at most survey stations and are as low as 60$ at the most aft station for 
a = 20.1°, Re = 4.4 X 10°f tT^ . The total pressure contours at X/D = 4.8 
are distorted by the presence of a region of a very low total pressure 
near the body at 9 = 150°. These low total pressures, in combination with 
the very low static pressures and Mach numbers noted below, are indicative 
of a region of separated flow. 

The local total pressure contours at M = I.96, a = 10.0° again are similar 
to the corresponding vorticity contours with the exception of the low 
total pressure cells at x/D - 4.1, 4.4, 4.8 near r/D = .5, .8, 1.3 res- 
pectively. These low total pressures, approximately 80$ of freestream 
total pressure at X/D =4.4 and 4.8, are near normal- shock- loss values 
for M 0O = I.96 (Pt 2 / p ti = .74) and cannot be true flow field values. 

These low total pressures have been correlated with other flow field 
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properties and are found to be associated with the frustum shock wave. 

At flow field locations where the probe head is in close proximity to the 
frustum shock, the flow is very non-uniform with respect to the probe 
size and use of the uniform flow field calibration data leads to spurious 
trends for local flow properties. Local flow properties in the vicinity 
of the frustum shock wave should therefore be used with caution. 

The total pressure contours at the higher angles of attack are again simi- 
lar to the corresponding vorticity contours with the exception of the re- 
gions of probe/shock interaction noted above. The local total pressures 
in the vortex cores are very low at M a = 1.96, with min imum values on the 
order of 30 to 4o$ of freestream total pressures. Although local total 
pressures near the body are also quite low at some locations, the corres- 
ponding local velocities are not low and no axial flow separation is indi- 
cated for the survey data at M m = I.96. 

Local Mach Number and Pressure Coefficient Contours 


The local Mach number contours are shown in figures 12 through 14 and the 
local pressure coefficient contours in figures 15 through IT. Although 
the local Mach number and pressure coefficients do not directly relate to 
the vortex motion, they do illustrate the large perturbations from freestream 
conditions associated with the flow about this configuration and serve to 
complete the description of the flow field. 

The low pressure coefficients (C p s -.6) and the low Mach numbers (M =* .4) 
at x/D = 4.8, 0 = 150° are evident at both Reynolds numbers for M^ = 0.8. 
These flow properties, in conjunction with the low total pressures are in- 
dicative of axial flow separation noted earlier. It should be noted also 
that probe calibration characteristics were linearly extrapolated for 
local Mach numbers less than 0.6 and actual local Mach numbers may be lower 
than the calculated values for these conditions. 

At Moo = 1.96, the presence of the frustum shock is again evident but is 
not clearly defined because of the probe/shock interactions noted earlier. 

No indications of axial flow separation are present for any conditions at 

Mo, = 1.96. 

Local Crossflow Velocity Vectors 

The local crossflow velocity vectors, Vc/V^ sina^,, are shown in figures 
18 through 20. These vector plots illustrate many of the features of the 
leeside crossflow velocity field in the presence of vortices, includ ing 
the crossflow separation at the body, the vortical motion about the vortex 
center, the leeward meridian stagnation point, and the reverse circumfer- 
ential flow (i.e. away from the leeward meridian) on the lee side near the 
body. 
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The above features are typical for all of the M* =0.8 conditions, figures 
18 and 19 . The region of axial flow separation at x/D = 4.8, noted earlier 
results in large local velocities directed toward the body centerline and 
cannot be considered realistic. 

The local crossflow velocity vectors for M ^ = 1.96 are shown in figure 
20. These velocity fields are similar to = 0.8 conditions except that 
discontinuities in the velocity field due to the frustum shock and expan- 
sions are evident. 


Circulation Strength ‘ 

The total circulation strength was determined by summing the circulation 
strengths associated with each cell defined by four adjacent flow survey 
locations (r/D, Q ) over the lee side quadrant at a given survey station. 
This summation, as a function of the inboard integration limit, is shown 
in figures 21 through 23. These plots illustrate the radial distribution 
of circulation strength and were also used as a basis for extrapolation 
to the body surface. Data for 0^=10°, M* = 1. 96 is not shown as the cir- 
culation strengths at this condition were negligible. 


The total circulation strength as a function of body station is illustra- 
ted in figures 24 and 25 for the summation over the measured r/D limits 
and the extrapolation to the body surface. The data of Jorgensen (ref. 3) 
and Tinling (ref. 4) derived from measured nonnal force distributions and 
vortex centers is compared with the present data at comparable conditions. 
The agreement with Tinlings and Jorgensens data is not unreasonable con- 
sidering the difference in the methods of obtaining the data. 


The effect of the frustum on the axial distribution of total circulation 
strength is generally to prevent or delay the normal increase in circula- 
tion strength with body station. The overall trends of total circulation 
strength with body station, Mach number and Reynolds number are qualitatively 
in agreement with the crossflow drag analysis of reference 2. A quantitative 
correlation of the results of the present data would require a much more 
detailed analysis than is possible in this report and should include an 
evaluation of the effects of probe/body and probe/frustum- shock interac- 


separation of the circulation strengths associated with the vortex 

I -1 . . . * 


tions. 

cores and feeding sheets, and an extrapolation of circulation strength to 
the body based on analysis of local velocities. 


Vortex Centers 


The vortex centers determined from evaluation of the vorticity contour 
p ots is shown in figures 26 and 27. These data are also compared with 
Tinling s and Jorgensen's data and show good areeement at the appropriate 

well'definpfl c + onditlons at Moo = I.96, the vortex centers not 

well defined by the vorticity distributions and local total pressure dis- 
tributions were used to locate the vortex centers. 
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CONCLUSIONS 


The results presented in this report serve to define the local 
flow field properties, vorticity distributions, total and local 
circulation strengths and vortex centers at various stations 
on an ogive-cylinder-frustum-cylinder at angles of attack to 
25 degrees for Mach numbers 0.8 and I. 96 . The data shows a 
vortex system which developes on the forebody and proceeds 
downstream over the frustum and aft cylinder, growing in size 
but with decreasing maximum vorticity levels. The initial 
development of an aftbody vortex system can be observed at 
the most aft survey condition. 

The total circulation strength and the vortex center at the 
forebody measuring station showed reasonable agreement with 
previously published data for the same forebody shape and at 
comparable conditions. The axial distribution of total 
circulation strength indicates that the effect of the frustum 
is to prevent or delay the normal increase in circulation 
strength which would be expected for smooth bodies. 

Some regions of negative vorticity, i.e. rotation in the 
opposite sense of the primary vortex motion, was observed 
near the body at some body stations. One region, on the 
lee side at a body station just , downstream of the frustum, 
is attributed to the presence of an axial flow separation 
bubble at the Mach number 0.8 conditions. Other regions of 
negative vorticity are generally attributed to probe/body 
interference and/or basic data accuracy. 
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RECOMMENDATIONS 


It is recommended that the data presented in this report be 
further analyzed to evaluate the relative strengths and 
locations of the vortex systems and their feeding sheets so 
as to allow for evaluation of theoretical flow field models. 
Additional analysis of results at the most inboard locations 
should be undertaken in order to evaluate the possible effects 
of probe/body interference on this data, although tests on 
larger models may be required to adequately define the flow 
in this region. The effects of the axial flow separation 
bubble just downstream of the frustum at Mach number 0.8 
should also be investigated further as it undoubtedly has 
a dominent influence on the flow in this region. 
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Model Configuration vith Typical Probe/Strut Installation 











NOEE: 1) Probe shown in 



Figure 2. Probe/Strut Installation for Inboard Survey Locations and Probe Details 







Figure 4- Typical Tunnel Installation Photograph, Flow Survey Model 
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Figure 5 • Model Axis Systems 
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FIGURE 6 - CONSTANT LOCAL VORTICITY CONTOURS (M^-0.8. R e *4.4X106ft-l ) 
(a) 20.1° 
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FIGURE 6 - CONSTANT LOCAL VORTICITY CONTOURS (M K =0.8, R e =4.4X10 6 ft*l) 
(b) a « 24.6° 
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FIGURE 7 - CONSTANT LOCAL VORTICITY CONTOURS (M =0.8, R-=7.9X 
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FIGURE 7 - CONSTANT LOCAL VORTICITY CONTOURS (M„=0.8, R e -7.9X10'6ft-l ) 
(b) a x n 24,6“ 
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FIGURE 8 - CONSTANT LOCAL VORTICITY CONTOURS (M K =1.96, R e =9.8X10 6 ff 1 ) 
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FIGURE 8 - CONSTANT LOCAL VORTICITY CONTOURS (M 00 =1.96, R e -9.8X106fH) 
(b) 14.5° 
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FIGURE 8 - CONSTANT LOCAL VORTICITY CONTOURS (M„=1.96, R e *9.8X10 6 fH ) 
(d) 24.8° 
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FIGURE 9 - CONSTANT LOCAL TOTAL PRESSURE RATIO CONTOURS (H^-0.8, R =4. 4x106ft* 1 ) 
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FIGURE 10 - CONSTANT LOCAL TOTAL PRESSURE RATIO CONTOURS (H w =0.8, Rg=7.9X106ft-l ) 
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FIGURE 11 - CONSTANT LOCAL TOTAL PRESSURE RATIO CONTOURS (M m = 1.96, Rg^.SXlO^t' 1 ) 
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FIGURE 11 - CONSTANT LOCAL TOTAL PRESSURE RATIO CONTOURS (M m = 1.96, R e =9.8X106ffl) 

(c) Of * 20.3° 
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FIGURE II - CONSTANT LOCAL TOTAL PRESSURE RATIO CONTOURS (M m = 1.96, R e =9.8X106ft*l) 

(d) a ! ■ 24.8° 
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FIGURE 12 - CONSTANT LOCAL MACH NUMBER CONTOURS («„» 0.8, R»4.4X10 6 ff 1 ) 



NUMBER (M) 



42 


FIGURE 13 - CONSTANT LOCAL MACH NUMBER CONTOURS (M^ =0.8, R e »7.9X10 6 ft* 

(a)a M = 20.1° 




FIGURE 13 - CONSTANT LOCAL MACH NUMBER CONTOURS (M m = 0.8, Rg=7. 9x106ft- 1 ) 
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FIGURE 14 - CONSTANT LOCAL MACH NUMBER CONTOURS (M m =1.96, R =9.E 
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FIGURE 14 - CONSTANT LOCAL MACH NUMBER CONTOURS R e =9.8X10 6 fr 1 ) 

(c) <*„* 20.3° 
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FIGURE 14 - CONSTANT LOCAL MACH NUMBER CONTOURS (M w =1.96, R e =9.8X106ffl ) 
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FIGURE 15 - CONSTANT LOCAL PRESSURE COEFFICIENT CONTOURS (M m » 0.8, R e =4.4X10 6 ft'l) 
















LOCAL PRESSURE COEFFICIENT (C n ) 


space division CHRYSLER 



FIGURE 16 - CONSTANT LOCAL PRESSURE COEFFICIENT CONTOURS (M^- =0.8, R e =7.9X10 6 ff 
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FIGURE 16 - CONSTANT LOCAL PRESSURE COEFFICIENT CONTOURS (M^ '0.8, R e =7.9X10 6 ft'l) 
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FIGURE 17 - CONSTANT LOCAL PRESSURE COEFFICIENT CONTOURS (M.-1.96, R e »9.8Xlo6fr’) 
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FIGURE 17 - CONSTANT LOCAL PRESSURE COEFFICIENT CONTOURS (H^ =1.96, Re=9. 8x106ft' 1 ) 

(b) a x ~ 14.5° 
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FIGURE 17 - CONSTANT LOCAL PRESSURE COEFFICIENT CONTOURS {M m « 1.96, Rg-^OXlofift' 1 ) 


































Figure l8a (cont'd) - Local Crossflow Velocity Vectors ~ 
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Figure l8b 
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Figure l8b (cont'd) - Local Crossflow Velocity Vectors ~ 
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Figure 19b (cont’d.) - Local Crossflow Velocity Vectors ~ — 
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Figure 19b (coat'd) - Local Crossflow Velocity Vectors ~ y ^ina -* 
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Figure 20a (cont'd) - Local Crossflow Velocity Vectors ~ , — 
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Figure 20c (cont'd) - Local Crossflow Velocity Vectors ~ 
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Figure 20d - Local Crossflow Velocity Vectors 
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Figure 21 - Total Circulation Strength as a 

Function of the Inboard Integration 
Limit Mqo = 0.8, Fie -- ^.^XKPft-1 


(a) = 20.1° 
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Figure 21 - Total Circulation Strength as a 

Function of the Inboard Integration 
Limit, = 0.8, Re = 4. 4xi0°ft"-'- 
(b) a c0 = 24.6° 
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Figure 22 - Total Circulation Strength as a Function of 
the Inboard Integration Limit, 

- 0.8, Re = 7. 9Xlo6ft- 1 
(a) = 20.1° 
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Figure 2'j - Total Circulation Strength as a Function of the Inboard 
Integration Limit, = 1 . 96 , Re = 9»8XlC>6ft-l 
(a) = 14.5° 
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Figure 23 - Total Circulation Strength as a Function of the Inboard 
Integration Limit, M*, - 1 .96, R e = 9.8x106ft- 1 
(b) (*«,= 20.3° 
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Figure 23 - Total Circulation Strength as a Function of the Inboard 
Integration Limit, = 1.96, Re = 9.8XLo6ft-l 

(c) a m = 2k. Qo 
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Figure 25. Total Circulation Strength as a Function of Body Station, 

=1.96, RE = 9.8XL()6ft-l 
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Figure 26. Vortex Center vs Body Station, 

M = 0.8; (a) Re 4.4X10 6 , (b) Re = 7.9X10^ 
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